In this study, a simple and sensitive method for the determination of arsenic in water samples was developed. The method is based on the formation of micro particles of Ethyl Violet and molybdoarsenate, which gives an apparently homogeneous blue color to the solution. The absorption of the excess dye gradually decreases due to its conversion to a colorless carbinol species under strongly acidic conditions. Consequently, the sufficiently low reagent blank enables the spectrophotometric determination of arsenic with the detection limit of 4 μg l -1 . The coefficient of variation for the spectrophotometry at 50 μg l -1 was 3.5% (n = 5). Furthermore, it is possible to detect concentrations as low as 10 μg l -1 of arsenic visually. Our method will be useful as a simple, rapid, and cost-effective field test of arsenic, requiring no complex apparatus or skilled laboratory support.
Introduction
Arsenic is a ubiquitous trace element. Due to its toxicity, it needs to be determined in a variety of environmental samples. In particular, the occurrence of arsenic in well water has received significant attention during recent years. In many regions of the world, local populations are exposed to arsenic through ingestion of contaminated water. 1, 2 The determination of arsenic is of critical importance in protecting the population from the health hazards it poses. The WHO has recommended a safe level of 10 μg l -1 of arsenic in drinking water. A sensitive and simple method is needed for the determination of arsenic in river water and water from abandoned mines as well as in drinking water.
Arsenic occurs in natural waters mainly in inorganic trivalent (arsenite, As(III)) and pentavalent (arsenate, As(V)) oxidation states. 3 Although there are a number of analytical methods to detect arsenic, none of them are suited to on-site analysis. Hydride generation atomic absorption spectrometry (HG-AAS) is the most commonly used method but it requires a comparatively expensive instrument and skillful operators. Other methods like stripping voltammetry, neutron activation analysis and X-ray fluorescence require expensive, heavy instrumentation which render them unsuitable for use in the field. Although modified Gutzeit methods have frequently been used as a field test for more than 120 years since it was developed by Gutzeit in 1879, 4 a significant drawback is that the necessary test paper is impregnated with a mercury compound. Despite many attempts over the past decades, up until now there have been no reports of a simple, inexpensive, yet highly sensitive method for the field determination of arsenic.
Spectrophotometric methods based on the formation of molybdoarsenate with subsequent reduction to heteropoly blue are also frequently studied for the determination of arsenic. [5] [6] [7] [8] However, as the molar absorptivity of heteropoly blue is 1 × 10 4 l mol -1 cm -1 , the sensitivity is insufficient for application to environmental samples. Since Itaya and Ui developed a spectrophotometric method for the determination of phosphate using Malachite Green, 9 this dye has been extensively studied. A variety of methods have been explored for the determination of phosphate: spectrophotometry, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] solvent extractionspectrophotometry 21 and the extraction-flow injection analysis. 22, 23 It has also been used in the determination of silicate. [24] [25] [26] Matsubara et al. reported on the collection of aggregates on a membrane filter in their work on the determination of phosphate and arsenate using Malachite Green. 27 Light-scattering detection was also studied for the determination of phosphate using tetrakis(1-methyl-pyridinium-4-yl)porphyrin. 28 Oshima et al. reported on the formation of particles of molybdophosphate with Malachite Green and its application to the flow injection analysis of phosphate using a laser light-scattering detector. 29 Not only Malachite Green but numerous other dyes have been used in experiments on the analytical applications of dispersed micro particles for protein and other trace elements since Pasternack et al. published articles on their resonance light scattering technique for the detection of chromophore aggregates. [30] [31] [32] [33] [34] In our previous work, we reported a sensitive one-step method for the determination of silica in highly purified water based on the delayed quenching phenomenon exhibited by Rhodamine B. 35 The objective of this study is to develop a highly sensitive method for the field determination of arsenic. In this study, we found that Ethyl Violet cation (EV + )-molybdoarsenate forms stable blue micro particles.
A new, highly sensitive spectrophotometric method for the determination of trace arsenic has been developed based on this phenomenon. In spite of continuing investigations on counter-ion dyes, EV + has long been considered unsuitable for spectrophotometry of heteropolyacid, due to its instability under acidic conditions. Motomizu et al. showed that heteropolyacid can be extracted with EV + into a mixed solvent of cyclohexane-4-methylpentane-2-one (1:3 v/v). 36 This work is the only example of an analytical application of EV + to a heteropolyacid. There are no published reports of one-step spectrophotometric methods for heteropolyacid using EV + . In our method, the absorption of the excess dye gradually decreases due to its conversion to a colorless carbinol species by hydrolysis under acidic conditions. Therefore, the sufficiently low reagent blank enables the easy determination of trace arsenic. The proposed method has been successfully applied to water samples.
Experimental

Materials
Arsenic solution (10 mg l -1 ) was prepared by diluting analytical grade standard solution of 1000 mg l -1 As (H3AsO3, Kanto Chemical Co., Inc., Tokyo, Japan) in 0.01 mol l -1 hydrochloric acid. Sodium fluoride solution (1 mol l -1 ), potassium iodate solution (4 × 10 -2 mol l -1 ) and ammonium molybdate solution (3.4 × 10 -2 mol l -1 ) were prepared by dissolving the reagents (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in doubly distilled water. Ethyl Violet solution (1.3 × 10 -3 mol l -1 ) was prepared by dissolving the dye (Wako Pure Chemical Industries, Ltd.) in doubly distilled water. A weak base anion-exchange resin, DOWEX MARATHON WBA (The Dow Chemical Co., Ltd., West Midlands, UK) with a mean particle size 525 ± 50 μm was used to remove phosphoric acid prior to the analysis. All other reagents used were of analytical grade.
For visual detection, 350 μl white polystyrene multi-well plate module (FluoroNunc Modules C8, Nunc, Roskild, Denmark) were employed.
Apparatus
Spectrophotometric measurements were carried out with a JASCO V-530 spectrophotometer using a quartz cell with a path length of 10 mm. For measuring the size of the particles, a dynamic light scattering particle size analyzer HORIBA LB-550 was used. The light scattering measurement was carried out with a JASCO FP-6300 spectrofluorometer equipped with a JASCO Model EHC-573T temperature controller.
Procedure
To a 50 ml sample solution, 1 ml of 0.1 mol l -1 Bis-Tris buffer solution (pH 7.3) is added. Then the mixture was passed through an ion exchange resin column in order to eliminate phosphate. For separation purposes, 5 g of the resin described in the "Materials" section was dry-packed in a polypropylene column (12 × 150 mm). The natural flow rate was 10 ml min -1 when the sample solution was loaded. The 30 ml sample volume necessary to replace the solution in the column was disposed of, and an aliquot of 2.5 ml of the fresh effluent was put in a flask. To mask silica, 6 μl of 1 mol l -1 sodium fluoride was added to the solution.
To the sample solution pretreated as described above, the following solutions were added: 100 μl of 0.05 mol l -1 potassium iodate, 150 μl of 6.85 mol l -1 hydrochloric acid, 150 μl of 3.15 × 10 -2 mol l -1 ammonium molybdate, and 100 μl of 1.3 × 10 -3 mol l -1 Ethyl Violet. After the mixture was allowed to stand for 30 min, its absorbance at 612 nm was measured.
A visual determination was also carried out by comparison with a standard series using 350 μl white wells, which was chosen as a primer because of its suitability for clear detection.
In a separate experiment, light scattering and particle size measurements were employed to investigate the mechanism of the blue color development.
Results and Discussion
Mechanism of the color development
In the presence of molybdic acid ions under strongly acidic conditions, arsenic(V) ions form a heteropolyacid called molybdenum yellow. In our study, we found that when EV + is added to the molybdenum yellow, micro particles form, giving an apparently homogeneous blue color to the solution. The absorption of the excess dye gradually decreased since it converted to a colorless carbinol species (Fig. 1) . As a result, the reagent blank was eliminated, and the EV + -molybdoarsenate was able to be detected with high sensitivity. Scheme 1 shows these reactions. EV in aqueous solution has an absorption maximum at 596 nm in neutral pH regions. Under acidic conditions, protonation leads to a spectral shift from 596 nm to the maximum wavelengths at 638, 428 and 434 nm, which are attributed to HEV 2+ and H2EV 3+ , respectively. The protonated dyes are gradually converted to two colorless carbinol types due to the hydration reaction (Eqs. (3) and (4) in Scheme 1). In an earlier work, Hagiwara et al. investigated both the equilibrium and kinetics of these reactions. 37 In their study, Malachite Green was ascertained to be the best reagent among the triphenylmethane dyes for ion association with heteropolyacid due to its stability under acidic conditions. The time curve of the absorbance at 612 nm is shown in Fig. 2 together with the curves calculated for HEV 2+ and blue particles. The overall absorbance of the solution (Fig. 2 , curve a) increases and reaches a maximum at 2 min, then decreases. The time curve for HEV 2+ (Fig. 2 , curve c) was calculated based on the rate constant of the hydrolysis reaction (HEV 2+ + H2O → H2EVOH 2+ ), which was determined as 5.4 × 10 -4 s -1 from the spectrophotometric data of Ethyl Violet solution under acidic conditions. The net absorbance of the blue particles (Fig. 2 , curve b) was calculated by subtracting curve c from curve a. Consequently, curve b shows that the absorbance of the blue particles remains constant from 2 to 30 min. The apparent decrease of the absorbance after 2 min shown in curve a is caused by the conversion of the excess dye, HEV 2+ , to a colorless carbinol species. Figure 3 shows that the time curve for light scattering is in good agreement with that for the color development during the first 2 min. The same phenomenon was observed for Malachite Green and molybdoarsenate.
Although the reaction of Malachite Green and heteropolyacid has long been considered to be an ion association, the 2-min reaction time suggests that the color development is attributable to the formation of micro particles, since ion association is generally recognized to be an extremely rapid reaction. The measurement using a dynamic light scattering particle size analyzer showed that the particles were 249 nm in size on average at 2 min (Fig. 4) . Clearly, micro particle formation is essential in the coloration reaction, since it provides the driving force to produce the blue-colored species, as shown in Eq. (2) in Scheme 1.
Determination of molar ratio
The molar ratio of EV + -molybdoarsenate particles was determined as 3:1 by gravimetric analysis using a membrane filter. The conventional molar ratio method cannot be applied to the solution containing the particles under acidic conditions. During the color development resulting from particle formation, free Ethyl Violet gradually becomes colorless due to the carbinol reaction. After 1 l of the mixture containing 0.5 mg l -1 of arsenic, potassium iodate, hydrochloric acid, ammonium molybdate and Ethyl Violet was allowed to stand for 1 h, this mixture was filtered through a polycarbonate membrane filter with pore size of 3 μm. The particles collected on a membrane filter were dried in an oven at 70˚C for 12 h and then weighed.
The weight of the solid was 0.0223 g (RSD = 1.8%, n = 3). This is almost exactly the same with as the theoretical value of 0.0234 g assuming that a Keggin type of molybdoarsenate with a trivalent negative charge formed, which would result in a EV + -molybdoarsenate 3:1 particle.
Optimization of analytical conditions
The analytical procedure was optimized with respect to concentrations of potassium iodate, hydrochloric acid, molybdic acid and EV. Potassium iodate (1.7 × 10 -3 mol l -1 ) was used to oxidize trivalent arsenic so that it becomes pentavalent, forming a heteropolyacid. A constant response was obtained with hydrochloric acid concentrations in the range 0.3 -0.5 mol l -1 . Thus, the hydrochloric acid concentration of 0.36 mol l -1 was adopted. The absorption of heteropolyacid (molybdenum yellow) measured at 326 nm reached its peak almost instantaneously and the spectrum remained unchanged for at least 60 min. Therefore, oxidation (As(III) → As(V)) and heteropolyacid formation are considered to be extremely rapid under analytical conditions. To obtain a constant absorbance and low blank value, we employed the concentrations of 1. 
Sensitivity and reproducibility
Using a spectrophotometer, we found that the calibration curve was linear over the concentration range up to 300 μg l -1 . The detection limit (defined as 3σ/m) is 4 μg l -1 , where σ is the standard deviation of 5 measurements of the reagent blank, and m is the slope of the calibration graph. The between-batch coefficient of variation for five replicate analyses of 50 μg l -1 was 3.5%.
When a 350 μl polystyrene white well was used for visual colorimetry as a cell, the visual detection limit was 10 μg l -1 . Concentrations of arsenic in the range 0 -200 μg l -1 can be visually determined (Fig. 7) .
Interference
The effects of various major foreign ions in environmental waters on the spectrophotometric determination of 100 μg l -1 arsenic are summarized in Table 1 . Phosphate and silica also form heteropolymolybdate under acidic conditions. In our method, arsenic (As(III) and As(V)) is separated from phosphate which causes a significant positive error if it is not removed using an anion exchange resin. When a sample containing 50 mg l -1 of phosphate was passed through a column of the anion exchange resin (DOWEX MARATHON WBA), phosphate was completely eliminated, as shown in Fig. 8 . On the contrary, both trivalent and pentavalent arsenic were quantitatively recovered in the effluent at pH 6.6 -9 (Fig. 8) . These data show that the anion exchange resin makes it possible to completely separate phosphate from arsenic. Based on the pH-adsorption data (Fig. 8) , a pH value of 7.3 was adopted for the separation. Silica is tolerated up to 30 mg l -1 in the presence of sodium fluoride (0.02 mol l -1 ) as a masking agent. No other ions had any significant effect (Table 1) .
Application to water samples
Our newly established method for arsenic was verified on spiked tap water, ground water, water in an abandoned mine and river water samples. Table 2 shows the results for water samples together with those obtained by hydride generation atomic absorption spectrometry.
The advantages of the method reported here are as follows: it can be used as a simple yet highly sensitive method for 1088 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 ; sample volume, 50 ml. determination of arsenic; the cost of this system, which utilizes little energy and requires no complex apparatus, is significantly lower than the cost of any other instrumental methods. We believe that the proposed method can be used for the field testing of trace arsenic and will be of enormous assistance to those working to stop arsenic poisoning all over the world.
